When using tetrachloromethane as the reagent gas in gas chromatography-ion trap mass spectrometry equipped with hybrid ionization source, the cation CCl 3 + was generated in high abundance and further gas-phase experiments showed that such an electron-deficient reagent ion CCl 3 + could undergo interesting ion-molecule reactions with various volatile organic compounds, which not only present some informative gas-phase reactions, but also facilitate qualitative analysis of diverse volatile compounds by providing unique mass spectral data that are characteristic of particular chemical structures. The ion-molecule reactions of the reagent ion CCl 3 + with different types of compounds were studied, and results showed that such reactions could give rise to structurally diagnostic ions, such as [M+CCl 3 -HCl] + for aromatic hydrocarbons, [M -OH] + for saturated cyclic ether, ketone, and alcoholic compounds, [M -H] + ion for monoterpenes, M ·+ for sesquiterpenes, [M -CH 3 CO] + for esters, as well as the further fragment ions. The mechanisms of ion-molecule reactions of aromatic hydrocarbons, aliphatic ketones and alcoholic compounds with the reagent ion CCl 3 + were investigated and proposed according to the information provided by MS/MS experiments and theoretical calculations. Then, this method was applied to study volatile organic compounds in Dendranthema indicum var. aromaticum and 20 compounds, including monoterpenes and their oxygen-containing derivatives, aromatic hydrocarbon and sesquiterpenes were identified using such ion-molecule reactions. This study offers a perspective and an alternative tool for the analysis and identification of various volatile compounds.
Introduction
S tudy of ion-molecule reaction and using this strategy for molecular identification are an important research field in analytical chemistry and organic mass spectrometry. Over the past decade, various mass spectrometric methods based on ion-molecule reactions have been explored in order to study organic reactions [1] [2] [3] and give deep insights into the fundamental physical and chemical properties of gas-phase ions such as gas-phase acidities, basicities, and bond energies [4] [5] [6] . Furthermore, ion-molecule reactions are also regarded as a useful tool for solving challenging analytical problems because these reactions are often highly selective and extremely fast, as well as combined with chromatographic separation methods for qualitative analysis of target compounds in complicated samples. Recently, more studies have focused on the development of mass spectrometric methods based on structurally diagnostic ion-molecule reactions and MS/MS techniques for identification and structural characterization of isomeric compounds by using selective reagents [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The demand for fast, highly selective and sensitive ionmolecule reactions in analytical applications stimulated researchers' interest in searching for new alternative reagents used for such purposes [20, 21] . Many unusual reagents, such as 1, 2-dibromoethane [22, 23] , methyl iodide [24] , furan [25, 26] , tetrahydrofuran [27] , dimethyl carbonate [28] , ethers [29] [30] [31] , HOO - [32] , and PFTBA [33, 34] , have been developed and successfully utilized for the qualification and quantitation of compounds in complex matrices.
GC-MS technique combines high separation efficiency and high identification capacity in one and is an ideal method for analyzing volatile and semivolatile compounds in complex matrices. The analytical strategy coupling ion-molecule reactions with GC-MS is an alternative means for qualitative and quantitative analysis of organic compounds especially in complex matrices, enhancing the sensitivity and specificity of determination [35] [36] [37] [38] [39] . Recently, selective determination of pyridine alkaloids in tobacco was achieved by using PFTBA ions/analyte molecule reaction/ionization with ion trap mass spectrometry (ITMS) [33] . As a continuous effort in exploring the new type fast and structurally diagnostic ion-molecule reactions for qualitative analysis of small volatile compounds, we are searching for the fast and suitable electron-deficient reaction reagent ion towards these volatile compounds eluted from gas chromatography. In order to fulfill such a purpose, an ideal ion-molecule reaction should be fast enough to meet the requirement for detecting each gas chromatographic fraction, providing structurally diagnostic ion in the mass spectra and also being a convenient and stable method to be performed in an ion trap mass spectrometer.
In the present work, we report a detailed investigation of ion-molecule reactions using tetrachloromethane as the reagent gas for analysis of small molecule compounds by GC-ITMS. Tetrachloromethane is an inert organic solvent but shows significant reactivity when it is used as the reagent gas in ion-molecule reactions studied by GC-ITMS. The fragments generated through electron impact ionization are dominated by CCl 3 + in high abundance, which facilitate the isolation of the reagent ion and the understanding of the ion-molecule reaction mechanisms. Furthermore, the strong electron-deficient reagent ion CCl 3 + is liable to react with electron-rich compounds, enhancing the selectivity and sensitivity of determination.
The experimental results showed that the reagent ion CCl 3 + is an universal reaction reagent ion to react with various neutral volatile compounds: CCl 3 + can not only react with small volatile compounds, such as aromatic hydrocarbons, aliphatic ketones, alcoholic compounds, giving their structurally diagnostic product ions in mass spectra, but also perform the ion-molecule reaction with the most challenging target compounds-monoterpenes, sesquiterpenes, and their derivatives from medical herbs, to achieve selective qualitative analyses. Also, this developed analytical method based on such structurally diagnostic ion-molecule reactions was applied to analyze volatile organic compounds in Dendranthema indicum var. aromaticum, which enhanced the accuracy of qualitative analysis of volatile compounds.
Experimental

Instrumentation
All experiments were performed on a Varian 4000 GC/MS/MS system equipped with a commercial hybrid ionization source. Separations were performed in a cross-linked 5%-phenyl-95%dimethylpolysiloxane Varian FactorFour (VF-5 ms; Varian, Middelburg, The Netherlands) capillary column (30 m, 0.25 mm, 0.25 μm). The column oven temperature was programmed to rise from an initial temperature of 40°C to 250°C at a rate of 4°C min -1 , and maintained at 250°C for 5 min. The injection port temperature and interface temperature were both 260°C. Helium was used as the carrier gas with a constant flow rate of 1.0 mL min -1 . Split injection mode with a split ratio of 1:50 was employed. Mass spectral data discussed here were obtained from an ion trap mass spectrometer operated in the positive ion mode with a commercial hybrid ionization source and the software package provided by the vendor. The source and ion trap temperatures were 180°C and 200°C, respectively. Tetrachloromethane was used as the reagent gas in ion-molecule reactions study and the reagent pressure was adjusted to a nominal pressure of 50 μTorr (nominal pressure measured by an ion gauge). Neutral CCl 4 molecules were ionized by electron impact in the hybrid source and the signal of CCl 3 + was maximized by varying the electron energy, emission current, and maximum reaction time. The isotopic cluster of CCl 3 + were isolated and transferred into the ion trap by ejecting all undesired ions through adjusting ejection amplitude. The isolated ions were allowed to react with neutral sample molecules eluted from GC capillary column to form product ions in the ion trap. Finally the reagent ions were ejected from the trap by setting the product ions scan mass range and afterwards the mass spectrum was acquired for the product ions. CID mass spectra were obtained with helium as the collision gas and the abundance of product ions was optimized by varying excitation amplitude (0-25 V). In EI MS experiments, the electron energy was 70 eV and the ion scan mass range was m/z 40 to 450.
Sample Preparation
Headspace extraction of the volatile components of herb sample was performed on the COMBI PAL system (Varian Inc.), which combines headspace auto-sampler, heater and agitator in one. The flowers of Dendranthema indicum var. aromaticum were collected at flowering stage from Shennongjia Alpine primitive forest of western Hubei Province, China. The flowers of Dendranthema indicum var. aromaticum (0.5 g) were put in 20 mL headspace vials and used for analysis of GC-MS. The headspace equilibrium temperature of heating cabinet was set at 90°C for 10 min while being agitated at a speed of 300 r min -1 and finally 1000 μL of headspace gas was injected into gas chromatograph to perform GC-MS analysis.
All samples considered in this work were obtained commercially and used as received.
Computational Studies
All theoretical calculations were carried out by using ab initio restricted Hatree-Fock method at STO-3 G basis set with Spartan molecular modeling software (PC Spartan Pro. 1.0.7.) [40] [41] [42] [43] [44] . The structures of ion species on the potential energy surface of the gas-phase reactions were optimized without imposing any constraints, and the relative energies of the optimized structures were calculated. All optimized structures were subjected to vibrational frequency analysis and the energies of the small neutral losses were also taken into consideration during calculations of the relative energies of every step in gas-phase reactions.
Results and Discussion
Reagent Ion
The selection of reagent gas and reagent ions is crucial to the selectivity and sensitivity of ion-molecule reactions. Here tetrachloromethane was selected as the reagent gas because of the above mentioned advantages. Figure S-1 (see Supporting Information) shows the reagent ions produced through electron impact ionization in the external source. The predominant ion at m/z 117 corresponding to CCl 3 + and its isotopic ions at m/z 119, 121, and 123 were generated by eliminating chlorine atom from tetrachloromethane molecular ion. The reagent ions were transferred to the ion trap and then reacted with sample molecules to form product ions by ion-molecule reactions.
Model Compounds
Aromatic Hydrocarbons Aromatic hydrocarbons are liable to undergo electrophilic aromatic substitution reactions when attacked by electrophilic reagents due to the present of benzene ring in their structures. In the present study, ion-molecule reactions of the tetrachloromethane-derived reagent ion CCl 3 + (the prominent ion at m/z 117) with benzene and toluene were performed to examine the reactivity of aromatic hydrocarbons.
The product ion spectrum for the reaction of the reagent ion CCl 3 + with benzene is shown in Figure S -2 (see Supporting Information). The ion at m/z 159 corresponds to [M+CCl 3 -HCl] + , which may be formed by a mechanism involving an addition-elimination process. However, the adduct ion [M+ CCl 3 ] + at m/z 195 was not detected. Consequently, this ionmolecule reaction sequence is likely initiated by an addition reaction between benzene and the reagent ion to form the unstable adduct ion, then a fast, complete elimination reaction occurred to remove a neutral of HCl from adduct ion, ultimately the stable product ions of [M+CCl 3 -HCl] + were obtained and detected by mass spectrometer.
As for toluene at identical experimental conditions, toluene was found to react with CCl 3 + to form the product ion at m/z 173 ( Figure 1a ). The ion at m/z 173 corresponds to [M+CCl 3 -HCl] + , but the adduct ion [M+CCl 3 ] + was not detected. This experiment observation is similar to that of benzene. To further study the reaction mechanism, the structure of the product ion at m/z 173 was examined using collision-induced dissociation (CID) experiment. The dissociation of the product ion at m/z 173 yielded fragment ions at m/z 102, 103, 137, and 138 ( Figure 1b ). The fragment ion at m/z 138 is generated from the dissociation of the ion at m/z 173 by loss of chlorine atom, while the ion at m/z 137 is generated by fragmentation of the ion at m/z 173 by loss of HCl. The ion at m/z 103 corresponds to the dissociation of the fragment ion at m/z 138 by eliminating chlorine atom. Loss of chlorine atom the ion at m/z 137 or HCl from the ion at m/z 138 gives rise to the ion at m/z 102.
Theoretical calculation results demonstrated that the formation heat of the ion [M+CCl 3 -HCl] + plus HCl is much lower than that of the adduct ion of [M+CCl 3 ] + , and note in Figure 2 that formation of [M+CCl 3 -HCl] + is predicted to be thermodynamically highly favored. The potential energy surface for the addition-elimination reaction of benzene presented in Figure 2 indicates that the additionelimination process takes place easily. Therefore, the plausible reaction and fragmentation mechanism of the ionmolecule reaction between aromatic hydrocarbons and CCl 3 + is proposed in Scheme 1. Collectively, because of the electron-rich property of benzene ring and the eletrophilicity of the reagent ion CCl 3 + , ion-molecule reactions between aromatic hydrocarbons and CCl 3 + give rise to the stable product ions corresponding to [M+CCl 3 -HCl] + via an addition-elimination reaction mechanism. Hence, the product ion [M+CCl 3 -HCl] + can be regarded as the structurally diagnostic ion to identify aromatic hydrocarbons using such ion-molecule reactions with the reagent ion CCl 3
Aliphatic Ketones To test the reactivity of CCl 3 + toward aliphatic ketones, acetone and cyclohexanone were examined. The proposed mechanisms for the reaction of acetone with CCl 3 + were computationally examined, and a potential energy surface (PES) was constructed for the reaction, as shown in Figure 3 . Analyses of Figure 3 show that the initial energy of Path B via six-membered transition state (93.5 kcal mol -1 ) is much lower than that of Path C via keto-enol tautomerism (113.1 kcal mol -1 ). Moreover, the energy barrier for Path B (TS3, 78.8 kcal mol -1 ) is also much lower than that for Path A via four-membered transition state (TS1, 97.6 kcal mol -1 ). These results indicate that the mechanism via six-membered transition state leading to form final product and neutral COCl 2 is more favorable in thermodynamics.
Alcoholic Compounds To further probe the reactivity of CCl 3 + toward alcoholic compounds, analytes such as isopropanol, butanol, and allyl alcohol were examined. Supporting Information) . Therefore, the possible reaction mechanism for ion-molecule reactions of alcoholic compounds with CCl 3 + is analogous to Path C in the possible mechanisms for ketones as shown in Scheme 2.
Saturated Cyclic Ethers
The reactivity of the reagent ion CCl 3 + toward saturated cyclic ethers was studied by examining the reaction of CCl 3 + with tetrahydrofuran. The reaction of CCl 3 + with tetrahydrofuran is dominated by the product ion at m/z 55, which corresponds to the abstraction of a negatively charged group of m/z 17 ( Figure S-6 ). This reaction is initiated by a highly exothermic addition of the ester oxygen to the reagent ion (−100.7 kcal mol -1 ). A heterolytic C-O bond cleavage accompanied by a concerted 1,2-hydride shift occurs readily. Another additional, slightly exothermic 1,2hydride shift, intramolecular proton transfer to the ether oxygen via a four-membered transition state, and a C-O bond heterolysis would lead to the formation of a low-energy allylic carbonication C 4 H 7 + (m/z 55) and neutral HOCCl 3 . HOabstraction by CCl 3 + from tetrahydrofuran is proposed in Scheme 3, which follows a similar mechanism as the reaction of Cl-P + -Cl with tetrahydrofuran [45] . The overall process is estimated to be highly exothermic (by 21.4 kcal mol -1 ), and hence associated with a strong thermodynamic driving force.
Esters The reaction of CCl 3 + with butyl acetate was performed to test the reactivity of CCl 3 + toward esters. Figure S-7 shows the product ion mass spectrum for the reaction of CCl 3 + with butyl acetate. The predominant ions at m/z 73 and 57 correspond to [M -CH 3 CO] + and [M -CH 3 CO 2 ] + , respectively. This reaction is likely initiated by an addition-elimination reaction process between CCl 3 + and neutral butyl acetate to form adduct ions in two different Alkenes To probe the reactivity of CCl 3 + toward alkenes, 1hexene was examined. The product ion mass spectrum for the reaction is shown in Figure S-8 (see Supporting Information). The reaction of the reagent ion CCl 3 + with 1-hexene is dominated by the ions at 83 corresponding to [M -H] + formed via hydride abstraction. The reaction mechanism is presented in Scheme S-2 (see Supporting Information). The overall process is estimated to be highly exothermic by 75.3 kcal mol -1 , and hence associated with a strong thermodynamic driving force.
The excess energy released in the reaction process is more than enough to form the final products by loss of neutral HCCl 3 .
Hydroxyethers The reactivity of CCl 3 + toward hydroxyethers was also tested by examining the reaction of CCl 3 + with tetrahydrofurfuryl alcohol. Figure S-9 (see Supporting Information) shows the product ion mass spectrum for the reaction of 
Dendranthema Indicum var. Aromaticum
Ion-molecule reaction has been proved to be an effective method for identification and characterization of organic compounds . EI mass spectral search results for 20 compounds in Dendranthema indicum var. Aromaticum are listed in Table S-1. EI mass spectral library search may not be enough to identify the volatile compounds from medical herbs due to the complexity of their mass spectra. However, application of the analytical strategy combining ion-molecule reaction involving the reagent ion CCl 3 + with EI mass spectral library search for identification of such compounds can effectively enhance the accuracy of qualitative analysis.
This study on ion-molecule reactions indicates that structurally diagnostic product ions were generated when different types of compounds react with CCl 3 + , and the characteristic fragmentation ions are expected to be useful in improving the specificity of chemical qualitative analysis using such ion-molecule reactions. Thus the ion-molecule reactions involving the reagent ion can be utilized to identify volatile compounds from complex matrices by GC-MS with higher reliability and accuracy. Dendranthema indicum var. aromaticum, an important medical herb in China, contains a high number of volatile organic compounds, which complicate identification due to their similar mass spectra. To solve the problems occurred in qualitative analysis of volatile organic compounds, an analytical strategy coupling GC-MS technique with ion-molecule reactions using CCl 3 + as the reagent ion was applied to determine aroma components emitted from Dendranthema indicum var. aromaticum. The volatile organic compounds were identified by structurally diagnostic product ions formed in ion-molecule reactions and EI mass spectral library search. The qualitative analysis results of volatile compounds are summarized in Table 1 .
Different types of compounds, including monoterpenes and their oxygen-containing derivatives (ketones and alcohols), aromatic hydrocarbons, sesquiterpenes, and their alcoholic derivatives, were identified by ion-molecule reactions involving CCl 3 + . A variety of structurally diagnostic products are generated in these reactions. Generally, the most abundant product is formed either by hydride abstraction or addition-elimination reactions or charge transfer or charge transfer-elimination reactions. Usually just one reaction channel dominates for each compound ( Table 1) . The reactions are discussed in detail below.
Monoterpenes Similarly to the reaction of the reagent ion The identification of α-Phellandrene provides a typical example of the analytical utility of this method. The EI mass spectrum of the fourth compound in Table 1 is presented as Figure S -11a. There are two candidate compounds, αphellandrene and 4-methyl-benzenemethanol, found to possess higher mass spectral match degrees when they were preliminarily identified by mass spectral library search. Their mass spectra were similar as shown in Figure S-11b and c) , so it is very difficult to identify this compound only by mass spectral search. However, the product ion at m/z 135 was obtained when it reacted with CCl 3 + (Figure S-11d ). According to the reaction pattern of different classes of organic compounds, the ion at m/z 135 should be formed from α-phellandrene via hydride abstraction. Hence, the compound was finally identified as α-phellandrene.
Aromatic Hydrocarbon As an aromatic hydrocarbon, pcymene reacted with CCl 3 + similarly to benzene and toluene except for the loss of propylene, giving the product ions at Table 1 ) likely follows a similar mechanism as that for tetrahydrofuran. Meanwhile, EI mass spectral search results of this compound are eucalyptol, trifluoroacetyl-alpha-terpineol, and terpin hydrate. Analyses of their structures show that eucalyptol is most likely to undergo the reaction process as that for tetrahydrofuran to produce the product ion at m/z 135. Hence, identification of this compound can be effectively performed by EI mass spectral search and ionmolecule reaction involving CCl 3 + .
Ester The reaction of bornyl acetate with CCl 3 + gives product ions at m/z 153 and 135 corresponding to [M -CH 3 CO] + and [M -CH 3 CO 2 ] + , respectively. The products indicate that bornyl acetate likely undergoes an additionelimination reaction to form stable fragment ions, which follows the same reaction process as that for butyl acetate. Therefore, such structurally diagnostic products formed in the reactions of esters with CCl 3 + can be utilized for complementary identification of esters.
Hydroxyethers The reactions of CCl 3 + with linalool oxides likely follow the same fashion as that of tetrahydrofurfuryl alcohol. While linalool oxides, such as cis-linalool oxide and trans-linalool oxide, react with CCl 3 + , a two-step reaction, including charge transfer-elimination steps, proceeds to give product ions at m/z 152 and 135 but with no detection of the molecule ions at m/z 170. The representative product ion mass spectra are shown in Figure S Sesquiterpenes Similarly to ethers [45] , charge transfer is thermodynamically favorable for terpene compounds with lower ionization energies. In ion-molecule reactions of CCl 3 + with sesquiterpenes, charge transfer is exothermic for sesquiterpenes with ionization energies less than 8.78 eV 
Conclusions
In this work, we studied the ion-molecule reactions between various organic compounds and the electron-deficient reagent ion CCl 3 + , generated by using tetrachloromethane as the reagent gas, by gas chromatography-ion trap mass spectrometry equipped with hybrid ionization source. The results show that structurally diagnostic product ions have been formed in ion-molecule reactions of different types of compounds with CCl 3 + . Hence, such ion-molecule reactions involving the reagent ion CCl 3 + can be utilized as an effective and complementary method to improve the accuracy of structural analysis of volatile organic compounds by GC-MS.
